ABSTRACT: Malaria is an important public health problem in Thailand, especially along international borders. In this study, we conducted a longitudinal entomological survey in six villages and rubber plantation sites to address the spatio-temporal abundance and behavior of malaria vectors in Ubon Ratchathani Province along the Thailand-Laos border. Adult female mosquitoes were collected by human landing collections (indoor and outdoor) and by cattle bait collections twice per year, during rainy and dry seasons. Mosquitoes were morphologically identified and sibling species were determined by allele-specific PCR. Of the 10,024 Anopheles, 9,328 (93.1%) and 696 (6.9%) were collected during the rainy and dry seasons, respectively. A total of 9,769 (97.5%) and 255 (2.5%) was collected on cattle and human baits, respectively. Very few primary and secondary malaria vectors were collected, consisting of 12 specimens of An. dirus, eight An. minimus, and seven An. aconitus. Of the 152 specimens of the Maculatus Group, only three were identified to An sawadwongporni by molecular methods. The others were 112 An. rampae, a non-vector, that were not amplified or were misidentified as other non-vectors. The very low density of primary malaria vectors found in the study villages suggests that entomological risk and malaria transmission is higher in neighboring forest areas. Further studies on malaria vector distribution, as well as human behaviors, are needed to understand malaria transmission dynamics in the province and to develop suitable vector control methods. Journal of Vector Ecology 42 (2): 325-334. 2017.
INTRODUCTION
Over 3 billion people live in malaria endemic regions in 91 countries and territories. Approximately 1.4 billion people are at risk globally and 237 million are at high risk of malaria in Southeast Asia. According to the latest World Health Organization estimates, the Greater Mekong Sub region (GMS), which includes Cambodia, China's Yunnan Province, Lao PDR, Myanmar, Vietnam, and Thailand, cut the malaria case incidence by about 54% and malaria death rates went down by 84% from 2012 to 2015. Myanmar is the only country in the GMS where malaria remains high, accounting for 55% of the total number of malaria cases in the region. The regional strategy for malaria elimination aims at eliminating remaining malaria foci in all GMS countries by 2030, maintaining a malaria-free status, and preventing reintroduction. The strategy also includes urgent action to eliminate Plasmodium falciparum malaria by 2025 to contain the spread of multi-drug resistance, which is prevalent in eastern Myanmar, western Cambodia, Thailand, southern Vietnam, southern Laos, and northeastern Cambodia (Ashley et al. 2014) .
Vector control is an important component of the global plan for malaria control and elimination, relying essentially on longlasting insecticide-treated nets (LLINs) that provide protection against indoor-biting malaria vectors. In the GMS, very efficient malaria vectors belonging to the members of the Leucosphyrus group (Neomyzomyia series), the Maculatus group (Neocellia series), and the Minimus subgroup (Myzomyia series) coexist in sympatry. Several other potential vectors are present, such as the Anopheles barbirostris group, which is a suspected vector potentially having an increasing role in malaria transmission along the Thailand-Cambodian border (Limrat et al. 2001) and Thailand-Myanmar border (Sriwichai et al. 2016) . Most of the malaria vectors are members of genetically related sibling species that differ in their behavior, ecology, and epidemiological characteristics, including susceptibility to malaria parasites (Tainchum et al. 2015) . In Thailand, greater than 50% reduction in the number of malaria cases was recorded between 2000 to 2013. Elimination goals and objectives in approved national plans for Thailand are now to eliminate malaria in 95% of districts by 2021 and, together with Cambodia, to have eliminated all malaria by 2024. Unfortunately, malaria transmission persists in the forested rural areas along the national borders with Myanmar, Cambodia, Malaysia, and Lao PDR. Malaria is generally the highest in the western provinces along the Thailand-Myanmar border (Konchom et al. 2003 , Zhou et al. 2005 , Carrara et al. 2006 , especially in Tak Province, which reported incidence rates of 11.67 cases per 1,000 population. In the northeastern part of Thailand, located at the Lao-Cambodian borders, malaria incidence is generally low. For example, fewer than 700 annual malaria cases were reported in Ubon Ratchathani Province during 2003-2013, corresponding to a malaria incidence of 0.11-0.44 per 1,000 population. However, a large outbreak of malaria occurred in the province in 2014, with 8,795 reported cases and an incidence of 3.94 per 1,000 population (Lyttleton 2016) . Several factors, such as socio-economic, ecological, and demographic factors may have played a role in the malaria epidemic in the province, but very little information on the potential vectors is available. A better understanding of the vector distribution and host-seeking preferences is crucial for implementing targeted vector control and achieving malaria elimination. The purpose of this study was to determine the abundance, distribution, and host-biting preferences of Anopheles mosquitoes in Ubon Ratchathani Province.
MATERIALS AND METHODS

Study areas
The study was conducted in six sites (villages and rubber plantations) in Ubon Ratchathani Province, northeastern Thailand. All sites are located along the Thai-Lao border ( Figure  1) . A more detailed description of the collection sites is given in Table 1 . The rainy season generally occurs during June-October and the dry season during November-May. Annual rainfall data during 2013-2015 were collected from the Meteorological Station at Ubon Ratchathani Province.
Adult mosquito collection
Adult Anopheles mosquitoes were collected during four consecutive nights per month in September, 2013 (survey 1), March, 2014 (survey 2), September, 2014 (survey 3), and March, 2015 (survey 4). In each site, human landing collections, indoors and outdoors, were carried out in each of four houses. Cattle bait collections (CBC) were also done in each site using a cow or a buffalo. Human collectors were divided into two teams of four persons each. The first team collected from 18:00-24:00 and the second team from midnight until dawn (00:00-06:00). Collectors captured mosquitoes landing on their exposed legs for 45 min each hour with a 15 min break. Cattle bait collections were conducted by two collectors for 15 min each hour. Each night the team of collectors was rotated between houses to avoid collector bias.
Morphological and molecular species identification
Mosquitoes were stored in plastic cups and labeled by hour and collection site. They were identified morphologically in the field using identification keys (Rattanarithikul et al. 2006, Somboon and Rattanarithikul 2013 ) and all Anopheles females were labeled, put in 1.5 ml tubes containing silica gel, and kept at -20° C to prevent mosquito degradation. Mosquitoes were then brought back to the entomological laboratory at Kasetsart University for molecular identification of sibling species using allele-specific multiplex Collection sites in inhabited houses in a rubber plantation. Surrounded by cassava fields and rubber plantation and other field crops. Natural running streams runs through the site. Close to a Phu Chong-Na Yoi National Park.
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Collection site in inhabited houses in a rubber plantation. Palm oil plantations and a small dam nearby. Close to a Phu Chong-Na Yoi National Park.
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S2, (n=378) assays as described elsewhere (Kwansomboon et al. 2017 ).
Ethical approval
The study was approved by the Ethics Review Committee for Research Involving Human Research Subjects, Health Science Group, Chulalongkorn University No. 096.1/56. Mosquito collectors from the adult village population were informed about the aims, objectives, and procedures of the study and were invited to participate. Collectors signed informed consent forms and were given Japanese encephalitis vaccinations. All participants were informed that they were allowed to withdraw from the study without any consequences. Access to malaria diagnosis and treatment was guaranteed throughout the study.
Data analysis
Indoor and outdoor human biting rates (HBR in and HBR out ) were estimated as number of mosquitoes collected per man per night indoors and outdoors, respectively. The cattle biting rate (CBR) was estimated by the number of mosquitoes caught per cattle per night (all surveys pooled). The anthropophilic rate was calculated as the overall human biting rate divided by the sum of the overall human and cattle biting rates, using (HBR in +HBR out )/ (HBR in +HBR out +CBR). The endophagic and exophagic rates were estimated by the formulas HBR in /(HBR in +HBR out ) and HBR out / (HBR in +HBR out ), respectively.
RESULTS
Species abundance and composition
A total of 10,021 adult Anopheles mosquitoes was collected during the four surveys (Table 2) . Eighteen species were found, of which 15 belonged to the subgenus Cellia (17.3%, n=1,738 specimens) and three to the subgenus Anopheles (82.7%, n=8,286). The most abundant species were members of the Anopheles hyrcanus group (74.1%), followed by the An. barbirostris group (7.6%), Anopheles nivipes (6.2%), and Anopheles philippinensis (5.7%). The abundance of Anopheles mosquitoes was higher in the south of the province, particularly in Sanghom, Nongmek, and Nachalauy sites, representing 82% of the total number of mosquitoes collected. Overall, 93% of the mosquitoes were collected during the rainy season (Figure 2 ). The proportion of primary, secondary, and suspected vectors was 21.9% (n= 2,194) of the total (Table 3) . A total of 180 specimens was morphologically identified to the primary vector sibling species. Dirus Complex (n=12), Minimus Complex (n= 16), and Maculatus Group (n= 152) were further processed for molecular identification (Table 4 ). The Minimus Complex was represented by Anopheles minimus (n=8) and Anopheles aconitus (n=7) and one sample was negative in the PCR. The 12 specimens of the Dirus Complex were composed of Anopheles dirus. Maculatus Group was found throughout the year, of which Anopheles rampae was the most abundant species present in six sites (n=112), representing 97.4% of the species group, followed by Anopheles sawadwongporni (n=3) representing 2.6%. Seven mosquitoes of this group were misidentified as Anopheles karwari and 30 other specimens were lost by ant predation.
Host preference and biting venue of malaria vectors
A total of 9,753 (97.3%) mosquitoes was collected on cow bait and 268 on human bait (indoor and outdoor) (2.7%). The human and cow biting rates are shown in Figure 3 . The Nachaluauy site had a far higher human landing mosquito density than the other sites. The small number of primary vectors collected makes it difficult to determine clear host or venue preferences. However, despite these shortcomings, rates were calculated for these species. The 12 specimens of An. dirus were all collected in the rainy season ( Figure 4A ). Nine (75%) were collected on human bait and of these, five indoors and four outdoors. The biting activity of An. dirus occured during 20:00 to 23:00 and again 01:00-03:00 both outdoors and indoors ( Figure 5A,B) . The anthropophilic rate for An. dirus was 27.6% and the exophagic rate was 58%. Anopheles minimus was found in the dry and rainy season in small numbers ( Figure 4A,B) . Indoor and outdoor feeding behaviors of An. minimus occurred with peak biting activity during early evening until midnight. Anopheles minimus was collected on humans outdoors (n=3), indoors (n=2), and on cattle bait (n=3). The anthropophilic rate for An. minimus was 17.4% and the exophagic rate was 75.0%. The anthropophilic rate for An. aconitus (based on seven specimens) was 8.7% and the exophagic rate was 33%. Anopheles sawadwongporni (n=3) was found only in the rainy season feeding on cattle bait. The host-seeking behaviors of other potential malaria vectors, such as An. barbirostris group, An. nivipes, An. philippinensis, and An. annularis were relatively high in the early evening and then declined, but they increased again in the early morning during both the rainy and dry seasons in all six sites ( Figure 4C,D) . Most anopheline mosquitoes were collected on cattle bait rather than human bait (Figure 6 ). The An. barbirostris group was found throughout the year with the highest density during the rainy season. Anopheles barbirostris group was the most abundant species present in six sites (n=761). The anthropophilic rate was 99.1% and the exophagic rate 97.1%. There was a very clear early biting peak, which declined thereafter but increased again in the early morning.
DISCUSSION
Primary vector species were found in comparatively low densities and only 12 specimens of An. dirus and eight An. minimus were identified by molecular tools. In Thailand, An. dirus and An. minimus are usually found in forest-fringe and hilly forested areas (Chareonviriyaphap et al. 2003 , Obsomer et al. 2007 ). The low density of these species in these village collections and the high number of malaria cases reported during the study period in the province indicate that malaria is most likely transmitted in forested areas (Lyttleton 2016) . It has been proposed that illegal forest activities, such as cutting of rosewood trees was the cause of the malaria epidemic in 2014 in the province (Lyttleton 2016) . The peak biting activity of An. dirus was during 20:00-23:00 (both indoors and outdoors) and again during 02:00-03:00 indoors and 00:00-01:00 outdoors. Similar findings were observed in Phitsanulok and Krabi Provinces (Baimai et al. 1988 ) and Kanchanaburi Province (Sungvornyothin et al. 2009 ). Anopheles minimus showed biting activity at 19:00-21:00 indoors and again at 19:00-20:00 and 23:00-00:00 outdoors. In a previous study in western Thailand, the main biting activity of An. minimus was indoors between 01:00 (September, 2013 and September, 2014) and dry seasons (March, 2014 and March, 2015) in six sites in Ubon Ratchathani Province. Table 2 . Number (percent) of Anopheles mosquitoes collected on humans and cattle bait in Ubon Ratchathani Province in September, 2013 , March, 2014 , September, 2014 , and March, 2015 and 04:00 with a peak at 02:00, whereas outdoor feeding started around 22:00, reaching a peak near midnight (Tisgratog et al. 2012) . Recently, Kwansomboon et al. (2017) reported that An. minimus fed preferentially outdoors along the Thailand-Myanmar border (0.57 and 0.58). Maculatus group consisted essentially of An. rampae which is highly zoophilic (Somboon et al. 2011 ) and has no confirmed role in malaria transmission (Rattanarithikul et al. 1996 , Somboon et al. 1998 , Sinka et al. 2011 , Somboon et al. 2011 , Singh et al. 2012 . In contrast, the sporozoite rate for An. sawadwongporni in Thailand was 1-2% (Rattanarithikul et al. 1996 , Somboon et al. 1998 , Manguin et al. 2008 ). The differences in biting patterns and host preference depended on biological variability between localities and abundance of population of the same species. Unfortunately, the numbers of An. dirus and An. minimus were too low to accurately determine the host-seeking preferences of malaria vectors. In contrast, secondary and suspected malaria vectors (Tainchum et al. 2015) were collected in higher numbers, such as An. barbirostris 761 (7.6%), An. nivipes 621 (6.2%), An. philippinensis 574 (5.7%), and, to a lesser extent, An. annularis 41 (0.409%). The majority of these vectors was collected on cattle bait during the rainy season. During the rainy season, there are favorable environmental conditions for development of malaria vectors and an increase in larval breeding habitats. This is explained by the predominance of An. barbirostris group, An. nivipes, and An. philippinensis that were found to be most abundant in our study (Harrison and Scanlon 1975 , O'Connor 1980 , Limrat et al. 2001 , Prakash et al. 2004 . Anopheles barbirostris group is recognized as a potential vector of P. falciparum in Sri Lanka and Bangladesh (Amerasinghe et al. 1999 , Alam et al. 2012 ). This study identified An. barbirostris s.l. as a relatively abundant species in the cattle collections during the rainy season. Previous reports found wild-caught An. barbirostris to be Plasmodium vivax-positive in Thailand (Somboon et al. 1994 ) and a vector of importance in malaria transmission after the rainy season in western Thailand (Sriwichai et al. 2016) . Anopheles nivipes and An. philippinensis were recognized as secondary vectors for P. falciparum and P. vivax in Assam state, northeast India (Prakash et al. 2004) . Anopheles annularis was recognized as a potential vector for P. falciparum and P. vivax in western Thailand (Sriwichai et al. 2016) . The biting pattern of An. annularis during the rainy season had an elevated activity during early evening, 18:00-22:00, similar to that found in the Philippines (Schultz 1992) . Species that are found in the villages may play an important role in malaria transmission. Further studies are ongoing to determine the sporozoite rates of each An. species collected in the study area.
In 2013, Ubon Ratchathani was ranked as the tenth province in Thailand for high malaria incidence. In 2014, however, Ubon Ratchathani had the highest abundance of malaria cases nationwide. Eighty-six percent of the 2014 malaria infections were recorded in Buntharik, Nachalauy, and Nam Yuen districts adjacent to the Phu Na Yoi National Park in the south of the (Tainchum et al. 2015) collected on human and cattle bait in September, 2013 , March, 2014 , September, 2014 , and March, 2015 in Ubon Ratchathani Province.
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province. It is clear that the highest abundance (>80%) of Anopheles mosquitoes in this study were collected in the southern province, Sanghom (Buntharik district), Nongmek (Buntharik district), and Nachalauy districts. Predictions of potential malaria reemergence in northeastern Thailand (Ubon Ratchathani) could arise from the expansion of rubber plantations (Petney et al. 2009 ). However, it was unlikely that the malaria outbreak in Ubon Ratchathani was related to the expansion of rubber plantations. There are many factors that contribute to malaria transmission, such as road construction in Laos PDR and Cambodia, border malaria, land use change (Yasuoka and Levins 2007) and deforestation (Taylor 1997 , Patz et al. 2004 . In Ubon Ratchathani, however, the major cause of the malaria outbreak in 2014 seemed to be the illegal rosewood forest collection, in which there was no control over the number of migrant villagers entering the forest and becoming infected (Lyttleton 2016) . In summary, a survey of adult anopheline mosquitoes was conducted in six sites along the international border between Thailand and Laos during two different climatic seasons. A high diversity of Anopheles species was observed in the province. The current findings confirm the presence of two major vector species, An. dirus and An. minimus, but their low density questions their role in malaria transmission. We recommend that additional studies on malaria vector distribution as well as human behaviors should be conducted in targeted forested areas, such as camps or sites where forest-goers spend time overnight, in order to understand malaria epidemiology and transmission in the province. Knowledge of host-seeking and trophic behavior of malaria vectors will assist in the design and implementation of appropriate vector prevention and control strategies in the study area. September, 2013 , March, 2014 , September, 2014 , and March, 2015 
